The method of continuous casting of steel -due to its ability to maximize the yield of liquid steel, along with substantially reducing the energy consumption of the production process -has become the fundamental method for obtaining steel semi-products. Nowadays, over 90 % of the global steel is cast with the continuous method. In recent years the ability to numerically model metallurgical processes -including the continuous process of steel casting -has been very important for creating new technologies, along with modifying those that already exist. The mathematical modelling of solidification processes with numerical methods allowed a full comprehensive reconstruction of the complex physical and chemical nature of the solidification processes. However, having to formulate a numerical model of the continuous-casting process is an extremely complex task because the requirements stipulate that a correct set of material parameters, along with the process data, have to be implemented. As regards the formulation of a mathematical model of the steel continuous-casting process, a comprehensive description of the heat transfer during the continuous casting is an important item. The complexity of this issue requires that conscious simplifications are made when formulating mathematical models for the calculation of the cast-strand solidification process. The number and type of the simplifications -which are necessary in this case -are the keys to the correctness of the results obtained, and they also influence the scope and accuracy when it comes to verifying the model. It is crucial to define the problem on the basis of the finite-element theory, and the elimination of numerical errors is obviously a necessary condition to ensure the correctness of the analysis performed. This paper contains a description of a number of solutions that are based on the finite-element method (FEM) for the models using the Euler, Lagrange and MiLE meshes. All the model concepts are illustrated with the examples of the calculations that were completed using the actual industrial data, along with the properties of the materials as determined by laboratory tests. The pivot of the considerations conducted is related to the verification of the correctness of the calculations, together with the sensitivity analysis of individual model types. The conclusions present an assessment of the progress of the current numerical models of the continuous-casting process, along with the directions for their further development. Keywords: continuous casting, mathematical modelling, solidification, process control Metoda kontinuirnega ulivanja jekla je postala osnovna metoda za pridobivanje jeklenih polproizvodov zaradi mo`nosti maksimalnega izkoristka staljenega jekla ter zmanj{anja porabe energije za proizvodni proces. Danes je okrog 90 % svetovne proizvodnje jekla ulitega z metodo kontinuirnega ulivanja. V preteklih letih je bila mo`nost modeliranja postopka ulivanja jekla zelo pomembna pri nastajanju novih tehnologij vklju~no z modificiranjem`e obstoje~ih. Matemati~no modeliranje procesa strjevanja z numeri~nimi metodami je omogo~ilo celovito rekonstrukcijo kompleksne fizikalne in kemijske narave procesa strjevanja. Vendar pa je postavitev numeri~nega modela postopka kontinuirnega ulivanja zelo zahtevna naloga, ker zahteve dolo~ajo, da je treba uporabiti pravilne parametre materiala vklju~no s podatki procesa. Glede na postavitev matemati~nega modela postopka kontinuirnega ulivanja je pomembna postavka celovit opis prenosa toplote med kontinuirnim ulivanjem. Kompleksnost tega vpra{anja zahteva zavestne poenostavitve pri postavitvi matemati~nih modelov za izra~un procesa strjevanjà ile.
INTRODUCTION
The history of the development of the steel continuous-casting process is an interesting example of the implementation of an idea that was well ahead of its time. After H. Bessemer had applied for the first patent in 1846, 34 years had to pass before the inventor made his first trials of steel casting at the semi-technical scale. 1 The reasons why the idea of the metal continuous-casting process was so inspiring for many metallurgical engineers are well known. The implementation of this process to steel casting significantly shortened the process line, definitely reducing both the process and the investment costs. The other indisputable reason for the advantage of steel continuous casting over ingot casting is the yield. Thanks to a yield increase of over 10 %, it became possible to increase the steelworks output without increasing the steelmaking furnace capacity.
The reasons why the implementation of the steel continuous-casting process for the production took so long are as well understood as the reasons for its implementation. From the outset, the mechanical characteristics of a strand cast have been the main difficulty, as a strand is prone to cracking, especially at the initial formation stage; in an extreme case it may even break out. A small shell thickness of a strand leaving the mould is of key importance. This problem is exceptionally serious as regards steel and it arises from a relatively low value of the heat-conductivity coefficient of steel as compared to the other metals. For most non-ferrous metals, the liquid core of a strand cast continuously is much shorter and the solidification process ends right under the mould. For steel, the length of the liquid core most often ranges from a few metres to something between ten and twenty. This fact brings about the necessity of using advanced techniques of the process control and ensuring stable process conditions.
Note that despite the indisputable successes, the current development of the steel continuous-casting process cannot be considered finished. The problems related to the strand breakout or the occurrence of various defects of cast strands are still valid. The financial means earmarked for scientific research related to the continuous casting of steel indirectly prove that the problems still exist. An example of a research area that constitutes a huge challenge, both in theory and in practice, is the continuous casting of peritectic steels. Engineering new steel grades also involves the need for developing their casting process from scratch. Therefore, any projects related to the improvement of the mathematical description of the steel continuous-casting process are valuable for facilitating the process control problem.
STEEL CONTINUOUS-CASTING PROCESS AS AN OBJECT OF MODELLING
The effect of a continuous-casting-machine design on the method of mathematical modelling of the steel solidification process is significant. Without the knowledge of the machine technical documentation, it is difficult to make any attempt at modelling, aiming at obtaining the results intended for use for the process control.
Despite the existing differences in the design of individual machines, one should note that it is possible to generalise the problem and form the construction of a mathematical model assuming the occurrence of two cooling zones of the strand, i.e.:
• the primary cooling zone (including the mould)
• the secondary cooling zone (including the so-called cooling chamber and the division into the cooling zones independent of the cooling chamber).
Each of the two mentioned zones is characterised by two groups of parameters -the first one may be defined as a geometrical characteristic, and the other one as a set of parameters related to the heat transfer and the properties of the steel cast. The description of the heat-transfer model for the steel continuous-casting process is a complex task as all three heat-transfer mechanisms occur -conduction, radiation and convection [2] [3] [4] . The following processes impact the heat transfer in the primary zone:
• conduction and convection in the liquid-steel area,
• conduction in the solidified shell,
• heat transfer between the outer layer of the solidified shell and the mould wall surface through an air gap forming in the mould, • heat conduction in the mould, • heat transfer in the mould between the channel walls and the cooling water.
The main processes in the secondary cooling zone are:
• heat transfer by convection,
• heat transfer by radiation,
• heat transfer by conduction between the solidifying strand and the rolls. Additionally, thermal effects related to the phase transitions that accompany the solidification have a significant influence on the heat-transfer model.
The heat-transfer model was used for further considerations, wherein the temperature field could be determined by solving the Fourier Equation:
where r is the density, kg m -1 ; c p is the specific heat, kJ kg -1 K -1 ; l is the thermal conductivity, W m -1 K -1 ; t is the time, s; T is the temperature, K; Q is the heatsource term, W m -3 ; x, y, z are 3D coordinate axes. The solution of the Fourier Equation should meet those boundary conditions declared on the strand surface. In the numerical model of the steel continuous-casting process discussed, these boundary conditions may be declared in three various ways. The Equation below describes the second and third types of boundary conditions:
where Flux is the heat flux, W m -2 ; a is the heattransfer coefficient, W m -2 K -1 ; T a is the ambient temperature, K; s is the Stefan-Bolzmann constant, W m -2 K -4 ; e is the emissivity. The heat flux in the model may be defined directly as the Flux value (the Neumann condition), as well as with the convection (a -substitute heat-transfer coefficient) and with the radiation models (e -emissivity). It is a complicated task to formulate a model of the heat transfer in the mould. The main difficulty is the effect of an air gap formed immediately after the steel has cooled to the solidus temperature, under the liquidsteel meniscus surface. The oscillatory movement of the mould and, in addition, the strand movement in the mould with a variable casting speed, strongly influence the actual dimensions of the gap. The presence of the mould powder and gases within the gap makes this description even more problematic. The physical properties and the chemical composition of the mould powders applied significantly influence the heat-resistance value. The development of the air gap causes a very high temperature gradient between the solidifying strand shell and the mould wall. Also, the change in the air-gap dimensions during the continuous-casting process may influence the stability of the process, having an impact on the thickness of the shell leaving the mould. The dimensions of the air gap increase with the distance from the liquid-steel meniscus, consequently causing an increase in the heat resistance (Figure 1) .
The heat-transport mechanism between the solidifying strand shell and the mould wall may be divided into two components -conduction and radiation. The convection in this area may be neglected due to the small size of the air gap. The total air-transfer coefficient on the strand mould path may be presented with the following Equation:
where: q wk -total heat-flux density, q c -conducted heat-flux density, q r -density of the heat flux transferred by radiation. T M -temperature of the mould, T S -temperature of the strand surface, T SS -temperature of the solid layer of the slag, T MS -the melting point of the slag, T LS -temperature of the liquid layer of the slag, T SO -solidus temperature. 5 Finally, the flux density of the heat flowing from the strand to the mould is calculated from the Newton law:
where: a sz -coefficient of the heat transfer through the air gap, r sz -air gap thermal resistance. The outer side of the mould is intensely cooled with water, flowing through the channels. Here, the heat is transferred by forced convection. The calculation of the heat-transfer coefficient, with the water cooling in the mould channels, on the basis of the available formulas, is complex because of the method of heat transfer to the water flowing through the channel. Assuming the distribution of the channel density at the perimeter of the mould varies, it is possible to obtain a few cooling programs. To determine the average heat-transfer coefficient, the following formula may be applied to the outer surface of the mould: 6 a l
where:
For the forced convection (the water flowing in the mould channels) the Nusselt number is represented by the relationship between the Reynolds (Re) number and the Prandtl (Pr) number:
The Mikheyev formula may be selected to determine the Nusselt number: 
The Reynolds Re and Prandlt Pr numbers in Equation (7) are determined at the water properties for the mouldwall temperature (the s index) and the mean water temperature in the channel (the w index).
After leaving the mould, the slab surface is cooled with a water spray and in the air. The heat flux that is carried away from the surface of the solidifying strand is proportional to the temperature difference between the strand surface and the cooling medium temperature. In this zone it is recommended to maintain the cooling intensity which leads to gradual temperature changes. It ensures that the cracks generated by thermal stresses are avoided. 8 In the secondary cooling zone, the heat exchange with the environment is accompanied by several mechanisms:
• direct impact of the water stream on the strand, • cooling with the water flowing on the surface and with defected drops,
• cooling with the water lingering on the roll in the formed hollow, • cooling the places located directly under the roll with the ambient air, • cooling through the contact faces of the roll.
The heat transfer from the surface of the solidifying strand is a complex process due to the nature of the heat exchange accompanying the boiling effect. When the surface of the strand leaving the mould is cooled, film boiling prevails. At this stage, the main mechanism of the heat transfer is the conduction through the vapour film resulting from supplying water to the hot surface of the strand via the nozzles. The heat-transfer mechanism is also accompanied by radiation, therefore, the lower the strand surface temperature, the lower is the value of the heat-transfer coefficient. 9 Drops of cooling water that fall onto the hot strand surface evaporate, forming a film that restricts water access at this spot. The water momentum is the highest in the centre of the cooling area, enabling the vapour film to be broken and allowing a direct contact between the water and the cooled strand surface. It intensifies the cooling process in this area, therefore, the amount of the heat received strongly depends on the liquid velocity. 5 During further cooling, as the temperature falls below the Leidenfrost point, the transition-boiling effect occurs. In the vapour film, vapour bubbles form, consequently leading to a break and decay of the vapour film. It causes an increase in the heat-transfer coefficient. 10 During further cooling we observe the effect of bubble boiling, along with a further decline in the heat-transfer coefficient. After the completion of the bubble-boiling stage and the cessation of the conditions for vapour forming, the strand surface is cooled by forced convection. 11 Figure 2 presents the change in the heat-transfer coefficient for the water-boiling process.
A very important mechanism of the heat exchange in the secondary cooling zone is radiation due to the surface temperature of the strand that leaves the mould. To obtain a complete description of the effects, it is necessary to consider the heat-flux density resulting from the heat transfer by radiation. The radiation term may be expressed with the Stefan-Boltzman law:
where: q rad -heat-flux density lost by the strand surface to the environment, s -Stefan-Boltzman radiation constant, e wl -total emissivity of the strand surface, T a -ambient temperature. The strand emissivity-coefficient value may be adopted in the range of 0-1. Due to a simplification, the constant may be assumed to be 0.85.
The flux density of the heat transferred to the cooling water may be calculated from the following relationship:
where: a spray -coefficient of heat transfer by water, T wl -strand surface temperature, T spray -temperature of the water flowing through the nozzles.
In order to calculate the flux density of the heat transferred, it is necessary to know the heat-transfer coefficient a spray . The relationship describing the heat-transfer coefficient of the heat transferred as a result of the water-spray impact may be expressed in a general form: 4 ( ) a spray spray c spray
-cooling-water flux, t spray -temperature of the water flowing through the nozzles. The heat-transfer coefficient depends on the conditions that occur during the contact of the water with the surface of the solidifying strand. The water-flux density, the velocity of the water flowing out of the spray nozzle, the nozzle type and the water pressure all influence the value of the coefficient. A typical course of the changes in the heat-transfer coefficient as a function of the temperature is presented in Figure 3 .
If the solidifying cast-strand surface temperature is not known, a simplified formula may be applied:
where: v -water-drop speed. Equation (11) and the average water speeds are about 600 W m -2 K -1 .
In the zone beyond the water sprays, in most of the continuous-casting machines, after a strand leaves the secondary-cooling chamber, a heat transfer occurs between the hot surface of the strand cooled and the ambient atmospheric air. Radiation is the prevailing mechanism of heat transfer; however, the heat is partly transported from the strand surface with free or forced convection. 3 Even an abbreviated description of the heat-transfer mechanisms in the steel continuous-casting process indicates two basic difficulties accompanying the mathematical modelling of the process. First, it is impossible to identify every component of the model. If the description is very detailed, taking into account all the partial processes, then, at the verification stage, simplifications are usually made and substitute heat-transfer coefficients are determined. However, these simplifications do not cover all the problems that are encountered. The second stage of verification always requires us to find the relationship between the identified values of the heat-transfer coefficients and the intensity of the cooling-media supply. The fulfilment of this requirement is the key to the correctness of the forecast of each continuous-casting model and it is a problem most difficult to solve.
TYPES OF MATHEMATICAL MODELS

Lagrangian mesh model
The motion of a continuum may be described from two different standpoints -either with the Lagrangian or Eulerian method. The motion analysis, together with these methods, allows one to determine the position of any moving element of a body; in addition, these elements are treated as material points. The Lagrangian description is preferred in solid-body mechanics. In this model the "observer" follows the body's material points, observing their temperature and velocity being affected by specific boundary conditions. The initial positions of the material points influence the course of the process. As a result, the history of a numerically modelled process can be created on the basis of the temperature field and velocity (strain) field, allowing a calculation of the stress field in the body and the changes in the microstructure and porosity. Another advantage of the Lagrangian description is the fact that the mesh deforms together with the body, which is particularly relevant in the numerical modelling of body strains. In the Lagrangian method an object's motion (physical continuum) is described by the dependence of the coordinates of all the particles on the time and the initial position for t = 0 or the initial time t 1 . A necessary condition is also the determination of all the properties of the object, taking into account the positions of its points at a specific time. By eliminating the time, we can obtain an equation of the trajectory of the object particles. In this method, the observer moving together with the object maintains contact with the same object particles at the set time. 5 This is schematically presented in Figure 4 .
Eulerian mesh model
The Eulerian method is usually used in fluid mechanics. Contrary to the Lagrangian description, the reference point is located outside the area, so the "observer" follows the behaviour of the area from the outside. In the Eulerian method, bodies move on the background of a mesh that represents a specific area. If, during the motion of the fluid in the system, the temperature, the velocity vector and the concentrations do not change with the time at the fixed points, the external "observer" interprets the system as a steady system. Only by analysing the data concerning the temperature field and the velocity, does it turn out that, in fact, the process of the system is transient.
The time and coordinates of the current configuration are independent variables. Such a description is called the Eulerian description or spatial description because the changes in the medium parameters at a specific place in the space are tracked. In Figure 5 this place is determined by the coordinates x, y, z. At the initial moment, these coordinates describe the position of element P1 in the object, whereas after time Dt, at the moment of the current observation, they describe the position of a different element, P2. So, at various times various elements are located at the same place. This method of description is very favourable for the objects whose initial configuration has no influence, or their influence on the state of the configuration at a later time is of little significance. It is particularly significant for the description of the movement of fluids, i.e., liquids and gases. 9 
MiLE method
In the process of steel continuous casting, the solid and liquid phases occur simultaneously and, in the metallurgical part of the strand, these phases are adjacent. So, the problem of numerical modelling of this part of the process must be solved with both methodsthe Lagrangian and Eulerian methods -or their combination. In the numerical model using the finite-element method, the Eulerian approximation is used to describe the temperature field and the liquid-metal flow. A fixed mesh with invariable geometry may be used here. The speed and temperature vectors are determined in fixed node points. To model the strain and stress of the solidified metal simultaneously, it is necessary to use the description with the Lagrangian coordinates.
At present, a new method combining the Lagrangian and Eulerian methods is used for a numerical simulation of the steel continuous-casting process -the MiLE (mixed Lagrangian-Eulerian method) method. In this method the continuous-casting-process area is divided into two parts. The upper, stationary, part is described by the Eulerian scheme. The lower part is described by the Lagrangian scheme as it moves at the casting speed. To maintain the strand integrity, at consecutive time steps, layers are placed under the upper part; these layers bring, into the lower part, a mass of steel equivalent to the mass of the steel brought to the mould from the tundish.
The MiLE method allows linked modelling of the non-stationary temperature fields and of the liquid-steel flow in the process of steel continuous casting and modelling of the stresses caused by thermal effects.
The principle of the MiLE algorithm is presented in Figure 6 . The first action is the division of the strand into two areas. After starting the casting process, the lower area moves downwards, whereas the upper area stays in its initial position. The calculations within this area are performed with the Eulerian model. To maintain the integrity between the areas, the mesh must be successively supplemented with additional layers of elements, forming a dynamic area. Therefore, a certain number of elements with the initial thickness of zero are stored within the area between the first two areas (the third area). In order to ensure the integrity of the temperature field and the velocity field between areas 1 and 3, in all the nodes of the "stored" (not yet used) layers, momentary boundary conditions are imposed. The same values of the temperature and velocity are assigned to the nodes with identical coordinates. 5, 12 In areas 2 and 3, the Lagrangian model is used for the calculations (Figure 6 ).
SENSITIVITY OF STEEL-CONTINUOUS-CASTING-PROCESS MODELS
Numerical parameters
The procedure of a mesh application arises from calculation tests and not from formal guidelines. For each new case, applying a FEM mesh is an individual issue for a specific model. For a new mesh (use of different elements or their sizes), a number of calculation tests should be performed in order to eliminate potential numerical errors. At the stage of the FEM mesh design, the places of the implementation of the boundary conditions should be taken into account due to the refinement of the mesh at those places, regardless of the applied mesh type. An observation of the obtained results, in particular the temperature distribution, allows an easy identification of the places where a numerical error related to the mesh-element size is generated. Usually a temperature-distribution asymmetry is noticeable. In addition, a high jump in the temperature values can be noticed. This is neither correlated with the boundary conditions nor justified by the change in the main process parameters in this area.
Material parameters
The thermophysical properties of steel -as determined by experimental research or calculated using thermodynamic databases -are the key input parameters for building a numerical model of the continuous-casting process. grade, and the algorithms implemented in the thermodynamic databases, a number of material properties, i.e., enthalpy, thermal conductivity, density, viscosity, solidus and liquidus temperatures, may be determined. The calculation of the material parameters of the steel grade tested based on its chemical composition is a common approach. However, it should be emphasised that the temperature distribution obtained with the numerical modelling is extremely sensitive to any changes in the basic thermophysical properties.
The starting point for the sensitivity analysis was the base variant, which took account of the specific heat values from the experimental tests, along with the latent heat value that was implemented in the numerical model as a numerical value. The calculations obtained for the base variant allowed the actual continuous-casting process for the S235 steel grade to be fully mapped for the declared strand casting speed of 1 m/min. The other variants were defined by the c p declaration, as follows: Variant 1, where the magnetic-transformation heat and the austenite-ferrite-transformation heat were considered. The heat of the fusion was declared as 113 kJ/kg. Variant 2, where the magnetic-transformation heat, the austenite-ferrite-transformation heat and, additionally, the peritectic-transformation heat were considered. The heat of the fusion was declared as 113 kJ/kg. Variant 3, where the magnetic-transformation heat, the austenite-ferrite-transformation heat, the peritectictransformation heat and the heat of fusion were considered. The obtained calculation results are presented in Table 1 . The method of determining the specific heat value, along with the solidifying heat, has a significant influence on the obtained results of the numerical model. By taking into account the values coming from the experimental research, the amount of the heat accompanying the individual phase transformations occurring during the solidification process may be accurately determined. In addition, the method determining the latent heat is very important. In extreme cases, an error in the enthalpy-value determination in relation to the verified specific-heat values may be as high as 178°C.
Process parameters (boundary conditions)
The influence of the boundary conditions assumed for the calculations, apart from the thermophysical parameters, is the most important element of any mathematical model of the continuous-casting process. However, in professional references there is an extremely huge range of the values assumed. To illustrate the scale of the problem, the values of the heat-transfer coefficients (HTC) for 12 various models describing the heat transfer in a mould were collected in Table 2 . 3, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Next, calculations with the specified HTC values were performed, maintaining the constant value of the other process parameters. The obtained calculation results are presented in Table 3 . Table 2 : Heat-transfer coefficient in the primary cooling zone Tabela It should be stressed that model 12 is the author's own model, verified under industrial conditions. Its accuracy was checked with test-strand temperature measure-ments. The results of this verification are presented in Table 4 . 
STRATEGY OF SELECTING THE STRAND COOLING PARAMETER
From the perspective of the applicable technology and the design of the slab-continuous-casting machine, it is essential to maintain the metallurgical length at a constant level. This is mostly related to the location of the soft reduction zone. The use of soft reduction of a strand allows an elimination of the axial porosity, consequently, improving the quality of the steel semi-products obtained. Maintaining a comparable metallurgical length for various strand casting speeds guarantees the safety during the continuous-casting process as the strand is fully solidified before shearing. For most of the continuous-casting machines, the best area where the total solidification of the strand should occur is the area before the exit from the secondary-cooling chamber. It is related to the location of the soft-reduction zone and the location of the last point of strand straightening.
The first step of the proposed method for determining the new cooling values is to calculate the influence of a change in the strand withdrawal speed on the metallurgical length, while verifying the shell thickness and the temperature at the reference points. An analysis of the sensitivity of the numerical model of the steel continuous-casting process to the casting speed allows a determination of the percentage impact of the change in the casting speed on the metallurgical length. Knowing this dependence allows us to calculate the influence of a change in the cooling parameters, which must always be correlated with the casting speed.
The simplest method of determining the new cooling values for the spray zones is using the percentage change in individual heat-transfer coefficients, taking into account the percentage change in the metallurgical length as a function of the casting speed. From the numerical perspective, the described method is an effective approach. However, determining the new sets of cooling values must be correlated with the existing technology and the relationships of the changes in the water-flow rates for individual spray zones. When the new values of heat-transfer coefficients were determined, minimum changes were applied to the heat-transfer coefficients within the first two cooling zones; more significant changes were introduced to the other spray zones, while the temperature increase within the spray zones was controlled. Such an approach is extremely important for maintaining the safety of the steel continuous-casting process.
In the example discussed, for a speed of 1 m/min, the set of cooling factors remained unchanged, because the desired values of the metallurgical length, the temperature at the reference points and the shell thickness after leaving the mould were obtained. The simulation for the speed of 1 m/min was considered the reference for further considerations. The starting point of the algorithm includes the heattransfer coefficients for seven spray zones; these were calculated on the basis of the actual flows of the water for the three speeds examined. Next, one heat-transfer coefficient for the whole secondary cooling zone a average was calculated, using the proposed dependence presented with the formula below:
where: a n -heat-transfer coefficient for the selected spray zone, s n -surface area of the specific zone, n -zone number.
The average heat-transfer coefficients for the secondary cooling zone were calculated from dependence 12. They were (305, 395 and 410) W m -2 K -1 , for the speeds of (0.6, 0.8 and 1) m min -1 , respectively. Knowing the percentage impact of the casting speed on the metallurgical length, the new heat-transfer coefficients for the secondary cooling zone for the speeds of 0.6 m min -1 and 0.8 m min -1 were calculated; similar metallurgical lengths were obtained as for the speed of 1 m min -1 . The following dependence was used: At the next stage, the heat-transfer coefficient was calculated using dependence 12 for each spray zone. The calculations resulted in a few sets of heat-transfer coefficients. The values of the heat-transfer coefficients that met the boundary conditions within the allowed percentage change in the heat-transfer coefficients for the individual spray zones were selected. The boundary conditions were determined on the basis of the actual change in the flows of the cooling water in the spray zones for a selected speed.
CONCLUSION
The development of a versatile method for the optimum determination of strand cooling parameters in the steel continuous-casting process is an extremely complex issue, requiring that many mutually contradictory criteria be met. The quality requirements related mainly to the structure of the solidified cast strand impose a clear restriction to increasing the casting speed. However, the continuous-casting-machine efficiency must be synchronised with the other nodes of the production line. The flexibility required in this case is related to the necessary response to unexpected events that may change the production rhythm of a steelmaking shop.
The cooling-program determination method in the steel continuous-casting process is based on the verification of the numerical models describing the strand solidification process. The determination of, possibly, all the properties of the cast steel as the function of the temperature is a very important step at the stage of determining the model parameters for the conditions defined as the standard. It mainly concerns the specific heat and the solidification heat, the dynamic viscosity, the density and the heat-transfer coefficient. Carrying out the measurements of the listed properties is, unfortunately, a very complex task, requiring the use of very specialised equipment.
For the mathematical description of the steel continuous-casting process at any particular level, we need to find the appropriate method of selecting the boundary conditions. The determination of the boundary conditions based on the process information is one of the factors that are crucial for the correctness of model calculations. Practically, this means that the amount of the used cooling water needs to be converted into the suitable heat-transfer coefficient.
The task of determining the cooling programme in the steel continuous-casting process is not a deterministic task. The selection of the variant for practical implementation depends largely on the experience of the user of the specific machine. However, the criteria that allow an assessment of the correctness of the assumed solution are strictly defined. The most important are:
• the shell thickness under the mould,
• the strand metallurgical length,
• the strand surface temperature at the selected measurement points, • the critical stress at the temperature of the shell under the mould, • the strand structure -in particular, the thickness of the chilled grain zone.
